Objective: We aimed to investigate the impact of hyponatremia severity on mortality risk and assess any evidence of a dose-response relation, utilizing prospectively collected data from population-based registries. Design: Cohort study of 279 508 first-time acute admissions to Departments of Internal Medicine in the North and Central Denmark Regions from 2006 to 2011. Methods: We used the Kaplan-Meier method (1 -survival function) to compute 30-day and 1-year mortality in patients with normonatremia and categories of increasing hyponatremia severity. Relative risks (RRs) with 95% CIs, adjusted for age, gender and previous morbidities, and stratified by clinical subgroups were estimated by the pseudo-value approach. The probability of death was estimated treating serum sodium as a continuous variable. Results: The prevalence of admission hyponatremia was 15% (41 803 patients). Thirty-day mortality was 3.6% in normonatremic patients compared to 7.3, 10.0, 10.4 and 9.6% in patients with serum sodium levels of 130-134.9, 125-129.9, 120-124.9 and !120 mmol/l, resulting in adjusted RRs of 1.4 (95% CI: 1.3-1.4), 1.7 (95% CI: 1.6-1.8), 1.7 (95% CI: 1.4-1.9) and 1.3 (95% CI: 1.1-1.5) respectively. Mortality risk was increased across virtually all clinical subgroups, and remained increased by 30-40% 1 year after admission. The probability of death increased when serum sodium decreased from 139 to 132 mmol/l. No clear increase in mortality was observed for lower concentrations. Conclusions: Hyponatremia is highly prevalent among patients admitted to Departments of Internal Medicine and is associated with increased 30-day and 1-year mortality risk, regardless of underlying disease. This risk seems independent of hyponatremia severity.
Introduction
Serum sodium concentration is one of the most frequently performed laboratory measurements in clinical medicine (1) . Changes in serum sodium concentrations are closely linked to extracellular volume regulation and cellular homeostasis, and are associated with several common conditions encountered in Departments of Internal Medicine (2) . The reported prevalence of hyponatremia (serum sodium concentration !135 mmol/l) at hospital admission ranges from 5% to almost 35%, depending on the study population and the timing requirements specified for the serum measurement (3, 4, 5, 6) . Hyponatremia has been associated with increased morbidity and mortality in patients with preexisting heart disease, kidney failure, cirrhosis and cancer (7, 8, 9, 10, 11) . Still, few data exist on the prevalence and prognostic impact of hyponatremia in broader populations of patients admitted acutely to Departments of Internal Medicine.
In 2009, Whelan et al. (12) showed a positive association between degree of hyponatremia and in-hospital mortality risk compared to patients with normonatremia. While this finding was supported by two subsequent studies by Kovesdy et al. (9) and Wald et al. (13) , others have not been able to confirm such a doseresponse relation (4, 14) . Varying effects of hyponatremia in different patient populations or in the setting of different underlying diseases offer one possible explanation for these diverse results. In a cohort study of 98 411 patients admitted to two teaching hospitals in Boston, Massachusetts and hospitalized for O2 days, Waikar et al. (4) found a twofold increased risk for in-hospital death associated with hyponatremia compared to normonatremia for patients with several, but not all, acute medical and surgical conditions.
To investigate these issues in further detail, we conducted a large population-based study on the prevalence and prognostic impact of mild to severe hyponatremia in patients acutely admitted to Departments of Internal Medicine across diagnostic groups defined by the primary diagnosis associated with the current hospitalization and by previous morbidities included in the Charlson comorbidity index (CCI).
Methods

Setting
We conducted this cohort study using Danish populationbased medical registries. The Danish National Health Service guarantees free and unfettered access to taxsupported health care for all Danish citizens. The unique ten-digit identification number (CPR number) assigned by the Civil Registration System (CRS) to each person born in or immigrating to Denmark is used in all public records and allows for unambiguous individual-level linkage between Danish registries. This ensures virtually complete follow-up of patients receiving care from the Danish National Health Service (15) .
Study cohort
We used the Danish National Patient Registry (DNPR) to identify all hospital admissions in the North and Central Denmark Regions from 1st January 2006 to 31st December 2011 (cumulative population ztwo million inhabitants). The study period was selected based on the availability of complete data in the clinical laboratory information system database (LABKA) for the entire study area (1) . The DNPR is a population-based nationwide registry primarily established to monitor hospital activities. The registry contains records for all admissions to Danish nonpsychiatric hospitals since 1977 and for all emergency department and outpatient specialist clinic visits since 1995. Reporting to the DNPR is mandatory (16) .
For each patient identified, we included in the study only the first acute admission to a Department of Internal Medicine during the study period (in patients R15 years of age). Study criteria were: i) admission to a Department of Internal Medicine; ii) an 'acute' admission type, assigned by a secretary upon hospital entry and iii) no surgical, oncologic, gynecologic or obstetric hospitalizations recorded within 30 days prior to the current admission. Admissions on the same day as discharge or transfers between departments were considered as a single hospitalization.
Admission serum sodium value
The LABKA database contains results of all analyses of blood samples drawn from hospitalized patients or outpatients and submitted to hospital laboratories in the Northern and Central Denmark regions (1) . Analyses are recorded according to the Nomenclature, Properties, and Units (NPU) coding system and/or local nomenclature. Each record contains information on time and date of the analysis and its results. From the LABKA database, we retrieved information on the first serum sodium measurement performed during hospitalization.
To reduce the probability that serum sodium levels were affected by hospital treatment, we focused on measurements performed within 24 h following admission. We defined normonatremia as serum sodium values between 135 and 145 mmol/l and hyponatremia as serum sodium values !135 mmol/l. Hyponatremia upon admission was divided into four further categories (!120, 120-124.9, 125-129.9 and 130-134.9 mmol/l), in accordance with previous studies (4) . If no sodium measurement was performed within 24 h of admission, patients were categorized as having normonatremia and a serum sodium value of 140 mmol/l was imputed.
CRS on gender, age, migration and vital status, date of migration and date of death of deceased patients.
Diagnostic groups
For each hospitalization, one primary diagnosis and one or more secondary diagnoses are assigned by the discharging physician and recorded in the DNPR. Diagnoses were coded according to the International Classification of Diseases (ICD), 8th revision (ICD8) until the end of 1993 and according to the 10th revision (ICD10) thereafter (16) .
We used the primary diagnosis recorded in the DNPR to determine the main indication for treatment during the current hospitalization. On this basis, we categorized patients into 11 major disease groups: infectious disease, cardiovascular disease, respiratory disease (excluding pneumonia diagnoses, which were included in the infectious disease group) gastrointestinal disease, urogenital disease, endocrine disease, neurologic disease, muscle and connective tissue disease, cancer, observation for suspected disease, and 'other'. Some major primary discharge diagnosis categories were subdivided for further examination.
We used inpatient and outpatient specialist clinic diagnoses recorded in the DNPR prior to the current hospitalization to identify previous morbidities included in the CCI. We used these diagnoses to compute CCI scores as a proxy for the preexisting morbidity burden of each patient. The CCI, a validated comorbidity scoring system, includes 19 specific conditions, each given a weighted score from 1 to 6 depending on its correlation with 1-year mortality (17, 18) . We defined three CCI levels: low (CCI scoreZ0), medium (CCI scoreZ1-2) and high (CCI score O2).
Statistical analysis
Baseline characteristics of patients with hyponatremia and normonatremia were described in contingency tables.
We computed the prevalence of hyponatremia overall and for each hyponatremia category. The denominator contained the total number of first-time admissions to a Department of Internal Medicine, including patients with hypernatremia or a missing admission sodium measurement. We further computed the prevalence of hyponatremia according to age and diagnostic groups (i.e. groups based on CCI level, specific preexisting morbidities, and primary discharge diagnosis).
Patients with hyponatremia and normonatremia were followed from the date of the first acute Internal Medicine admission until death, migration or up to 1 year. We used the Kaplan-Meier method (1 -the survival function) to compute 30-day and 1-year mortality with 95% CIs, and plotted cumulative mortality for categories of serum sodium values. Since the majority of previous studies only had access to in-hospital mortality data, we also computed in-hospital mortality rates for comparison. We computed relative risk (RR) of death with corresponding 95% CIs, comparing mortality risk at 30 days and 1 year in patients with hyponatremia with that in patients with normonatremia using the pseudo-value approach. This approach allows for direct regression modelling of rightcensored data comparing survival (or failure) functions for non-proportional hazard rates at a fixed point in time (19) . We repeated the analyses adjusting for gender, age group and the specific preexisting morbidities included in the CCI.
We fitted the regression using a restricted cubic spline function (five knots) and plotted the resulting curve against serum sodium concentration (20) , in order to identify threshold values for the association between hyponatremia and increased mortality. Furthermore, we examined the impact of hyponatremia on mortality in different diagnostic groups, by computing 30-day adjusted RRs stratified by CCI level, specific preexisting morbidities and primary discharge diagnoses. In these analyses, we adjusted for CCI level rather than specific preexisting CCI morbidities to better comply with the rule of thumb for minimum outcome events per predictor variable in each cell. Finally, we performed a sensitivity analysis excluding all patients with no admission serum sodium measurement. This allowed us to evaluate the impact of classifying these patients as normonatremic (21) .
The study was approved by the Danish Data Protection Agency (2013-41-1924) . Data analyses were conducted using STATA Software V.12.1 (STATA, College Station, TX, USA).
Results
Prevalence
From the DNPR, we identified 279 508 patients with an acute admission to a Department of Internal Medicine during the study period. Among these, 254 284 (91.0%) patients had a serum sodium measurement within 24 h of admission. In total, 232 911 (83.3%) patients were categorized as normonatremic. The overall prevalence of hyponatremia at admission was 15.0% (41 803 patients). The proportion of patients in the four hyponatremia categories (130-134.9, 125-129.9, 120-124.9 and !120 mmol/l) was 10.5, 2.9, 0.9 and 0.6% respectively. Characteristics of patients with hyponatremia and normonatremia are shown in Table 1 . Table 2 presents prevalence estimates according to age, CCI level and diagnostic groups. The prevalence of hyponatremia increased with age and CCI level. We found hyponatremia to be particularly prevalent in patients with previous liver disease or metastatic cancer, and in patients in whom diabetes, pneumonia, sepsis, kidney disease and liver disease were indicated as the primary reason for hospitalization based on the primary discharge diagnosis. A total of 4794 (1.7%) patients were hypernatremic (serum sodium O145 mmol/l) and therefore excluded from the mortality analyses.
Mortality
A total of 46 (0.02%) and 464 (0.17%) patients migrated before they could be followed for 30 days or 1 year respectively. In-hospital, 30-day and 1-year mortality were 6.8, 8.1 and 21.5% in patients with hyponatremia, compared to 2.9, 3.6 and 10.6% among patients with normonatremia (Table 3 and Fig. 1 ). Absolute mortality was increased in all categories of hyponatremia. The higher mortality risk in patients with hyponatremia of any severity compared to normonatremic patients persisted after controlling for age, gender and previous morbidities, yielding adjusted RRs at 30 days of 1.4 (95% CI: 1.3-1.4), 1.7 (95% CI: 1.6-1.8), 1.7 (95% CI: 1.4-1.9) and 1.3 (95% CI: 1.1-1.5) for sodium levels of 130-134.9, 125-129.9, 120-124.9 and !120 mmol/l respectively. At 1 year, the corresponding RRs were 1.3 (95% CI: 1.3-1.3), 1.4 (95% CI: 1.4-1.5), 1.4 (95% CI: 1.3-1.5) and 1.3 (95% CI: 1.1-1.4) respectively (Table 3) . A secondary analysis of patients with serum sodium !120 mmol/l showed a further decrease in 30-day RR with decreasing serum sodium levels (RRs of 1.4 (95% CI: 1.1-1.8), 1.1 (95% CI: 0.8-1.6) and 1.1 (95% CI: 0.7-1.8) for sodium levels of 115-119.9, 110-114.9 and !110 mmol/l respectively). Similar results were observed for in-hospital mortality and at 1 year (Supplementary Table 1 , see section on supplementary data given at the end of this article). Serum sodium concentrations of 139 to 141 mmol/l were associated with the lowest risk of death, based on the restricted cubic spline models (Fig. 2) . A steep increase in predicted 30-day and 1-year mortality was observed with decreasing sodium levels, until the level dropped below 132 mmol/l. After this point, only minor increases were observed. Controlling for the confounding effects of age, gender and previous morbidities resulted in the curve further plateauing below this point.
Serum sodium was not measured within 24 h of admission in 25 224 patients. These patients were younger and had slightly lower CCI scores than patients with normonatremia (Supplementary Table 2 , see section on supplementary data given at the end of this article). Excluding patients without admission serum sodium measurement had only a limited effect on absolute mortality and risk estimates (Supplementary Table 3 ).
Mortality risk according to diagnostic groups
Patients with hyponatremia had increased 30-day mortality across virtually all major categories of primary discharge diagnoses compared to patients with normonatremia ( Fig. 3A and see Supplementary Table 4 , see section on supplementary data given at the end of this article for RR estimates by hyponatremia category stratified by diagnostic group). One exception was the category of endocrine disease; patients given a primary discharge diagnosis of 'hyponatremia and hypoosmolality' had an RR of 0.2 (95% CI: 0.1-1.1). Notably, hyponatremic patients with an unspecific diagnosis of 'observation for suspected disease' had more than a twofold increased risk of death within 30 days of admission. In contrast to the overall findings, mortality risk increased with increasing hyponatremia severity in patients with a primary discharge diagnosis of sepsis (from 0.9 (95% CI: 0.7-1.1) for sodium levels of 130-134.9 mmol/l to 1.9 (95% CI: 1.2-3.0) for sodium levels !120 mmol/l), respiratory disease (from 1.2 (95% CI: 1.0-1.4) for sodium levels of 130-134.9 mmol/l to 2.9 (95% CI: 1.9-4.3) for sodium levels !120 mmol/l), liver disease (from 1.1 (95% CI: 0.8-1.6) for sodium levels of 130-134.9 mmol/l to 2.6 (95% CI: 1.5-4.6) for sodium levels !120 mmol/l) and cancer (from 1.4 (95% CI: 1.3-1.6) for sodium levels of 130-134.9 mmol/l to 1.9 (95% CI: 1.2-3.0) for sodium levels !120 mmol/l) (see Supplementary Table 4 for further details).
Hyponatremia was associated with increased risk of death among patients in most groups of previous morbidity ( Fig. 3B and C) . Overall, the RR increased with increasing CCI level. However, when we computed RRs for each hyponatremia category separately within each stratum of CCI level, we found that RRs decreased with increasing CCI level for patients with serum sodium !120 mmol/l (Supplementary Table 4 ).
Discussion
In this large population-based cohort study in a hospital setting with complete follow-up, hyponatremia was present at admission in nearly one of seven patients. Any degree of hyponatremia was associated with increased short-and long-term mortality compared to normonatremia. For hyponatremic serum sodium values, a biphasic dose-response relation was observed. The probability of death increased with decreasing serum sodium until a threshold of 132 mmol/l, below which there was no further increase in mortality. Mortality risk was increased across virtually all major primary discharge diagnosis groups and categories of previous morbidity. As indicated by the divergent results of previous studies, the prevalence of hyponatremia is highly influenced by study population composition (4, 12) , criteria applied to define hyponatremia at hospital admission (3, 4) , and composition of the denominator (i.e. whether only patients for whom serum sodium was measured were included) (3, 4, 6, 12) . The 15% overall prevalence of hyponatremia observed in our study is comparable with that observed among 2171 internal medicine patients in a recent single-center study (5) . Furthermore, the prevalence among patients hospitalized with chronic heart failure (7), acute myocardial infarction (22) , ischemic stroke (23) and pneumonia (24) concurs with previous reports. The in-hospital mortality in our study was equivalent to previous reports applying the same definition for hyponatremia (4, 12, 13) .
Our study challenges the hypothesis that mortality risk attributed to hyponatremia continues to increase when serum sodium decreases, as found by Wald et al. (13) among hospitalized patients in general and by Kovesdy et al. (9) among patients with chronic kidney disease. Notably, these studies were based on very few (w10 or less) deaths among patients with serum sodium !120 mmol/l. In contrast, we found that decrease in serum sodium below a threshold of 132 mmol/l, did not contribute to further increase in overall mortality risk. However, in the stratified analysis, we did find that mortality risk increased by hyponatremia severity in patients with a primary diagnosis of cancer, liver disease, respiratory disease and sepsis. Still, !25 deaths were observed in the two lower hyponatremia categories for each of the patient subgroups, and cautious interpretation about the pattern of the dose-response relation in these patients is needed.
We utilized prospective, independently collected data without restrictions on patients' sodium measurements at admission (4, 12, 13, 14) or on length of hospitalizations (4), thereby essentially eliminating the risk of selection bias. The study also benefitted from the long-term and virtually complete follow-up provided by registry data (15, 16, 25) . Importantly, our large study population allowed us to examine the mortality risk associated with different levels of hyponatremia and across numerous diagnostic groups, while controlling for important confounders. Hyperglycemia causes osmotic shift of water out of cells, which can potentially result in hyponatremia. Some previous studies have applied a correction factor to the Table 3 Thirty-day and 1-year cumulative mortality and crude and adjusted RRs stratified by serum sodium concentration at hospital admission. 
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www.eje-online.org measured serum sodium concentration in the presence of hyperglycemia. In the present study, we aimed to examine the prognostic impact of low serum sodium concentration regardless of cause, and therefore refrained from such correction. Adjusting for the ICD10 discharge diagnosis for hyperglycemia and ketoacidosis associated with the current admission (nZ559) had no influence on RR estimates (data not shown), consistent with findings of studies in which a correction factor was used (4, 14) . Some limitations should be considered when interpreting our results. By assigning patients with no admission sodium measurement to the normonatremic group, we may have misclassified some patients with hyponatremia. However, we believe the effect of this potential bias is small. Generally, serum sodium is measured for a wide range of indications and the mortality rate in patients lacking admission laboratory measurements has been found to resemble that of patients with laboratory test results within reference values (26) . Furthermore, the misclassification of some patients with undetected hyponatremia as normonatremic would likely be non-differential with regard to outcome and would bias our results towards the null, as supported by the results of our sensitivity analyses. Another limitation was our inability to measure the severity of illness during hospitalization. Finally, we cannot rule out residual confounding through our use of ICD10 discharge diagnoses recorded in the DNPR to categorize patients into diagnostic groups (27, 28, 29) . Thirty-eight patients categorized as normonatremic had received a primary diagnosis of 'hyponatremia and hypoosmolality'. Among these, only nine patients developed hyponatremia during hospitalization. For the remaining patients, it is possible that a hyponatremic serum sodium value, measured at the request of the general practitioner, had triggered hospitalization. However, we cannot dismiss coding error as an alternative explanation.
A possible mechanism for the increased mortality associated with hyponatremia independent of underlying disease, and for the overall absence of further increase in mortality risk when serum sodium decreased below 132 mmol/l, may be hyponatremia-induced oxidative Crude and adjusted* predicted probability of (A) 30-day and (B) 1-year mortality as a function of admission serum sodium concentration. *Adjusted for age group, gender and history of specific morbidities included in the Charlson comorbidity index.
The gray area represents the 95% CI.
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www.eje-online.org stress (30) . It is possible that even small decreases in serum sodium below 139 mmol/l may be sufficient to induce accumulation of free oxygen radicals and thereby induce damage to proteins, lipids and DNA. A growing body of evidence indicates that inflammatory mediators, such as interleukins 1 and 6, can induce hyponatremia through excessive vasopressin release (31, 32) . This could explain the potential lower mortality observed in patients with serum sodium !120 mmol/l, among who a large proportion is believed to have hyponatremia caused by medication rather than severe underlying disease, and consequently a lower level of inflammation (14) . In support of this hypothesis, one-quarter (nZ424) of patients with serum sodium !120 mmol/l had a primary discharge diagnosis of 'hyponatremia and hypoosmolality'. Given the very low sensitivity of this ICD10 discharge diagnosis even in severe hyponatremia (34% for serum sodium values %115 mmol/l), this could indicate absence of other critical morbidities (33) . Alternatively, assignment of the 'hyponatremia and hypoosmolality' diagnosis could indicate that active steps to correct hyponatremia were taken. However, it was beyond the scope of this study to examine whether the lower mortality observed in patients with serum sodium !120 mmol/l could be attributed to treatment of hyponatremia. Discussion of possible underlying mechanisms should not divert attention from the finding that hyponatremia at admission, regardless of severity, is associated with a poor prognosis in patients acutely admitted with medical disorders. Our study clarifies the clinical course of hyponatremia and underscores the pronounced negative impact of even mild hyponatremia at hospital admission on mortality risk. Sodium measurement should be considered in future risk stratification models for acute medical patients.
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